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ABSTRACT 
 
During the past decades, the use of concrete filled double skin steel tube (CFDST) members has gained much 
attention in the construction industry due to its beneficial properties such as light weight, high strength and 
excellent ductility. Many studies have discussed the behaviour of normal strength concrete filled CFDST 
member under a variety of load conditions; however, the knowledge of UHPC filled CFDST member is 
relatively lacking. This paper presents a numerical study on the ultra-high performance concrete filled 
double-skin tubes subjected to blast loading. Numerical models were developed in LS-DYNA and then validated 
against recently obtained experimental data.  
 
KEYWORDS 
 
Steel-fibre reinforced concrete; CFDST members; Blast loading; Numerical simulation 
 
INTRODUCTION 
 
Concrete-filled double skin steel tubes (CFDSTs), which are a newly developed steel-concrete composite 
structure, have the potential to be widely used in many engineering application ranging from columns of 
skyscrapers through to bridge piers. It involves the use of two concentrically placed steel tubes that is filled with 
concrete in between. This type of composite structure has advantages over other steel-concrete composite 
structures in the follow aspects: 1) the steel tubes can be directly used as permanent framework to the concrete 
filler; 2) The steel tubes provide confinement to the concrete filler while the infill of concrete can reduce the 
likelihood of local buckling of steel tubes (Zhao et al., 2010a). 
 
A number of experimental investigations showed that, for CFDSTs under axial compression, the passive 
confining pressure induced by steel tubes can effectively enhance the overall axial capacity by up to 30%; also, 
its failure mode was reported to be primarily decided by the ratio between the steel tube thickness and 
cross-sectional diameter (Wei et al., 1995, Zhao et al., 2010b). Furthermore, efforts were also put into studying 
the behaviours of CFDSTs under transverse loading (Han et al., 2006), tensile loading (Li et al., 2014), torsional 
loading (Huang et al., 2013) as well as fire (Lu et al., 2010), and they all have evidenced that CFDSTs are able to 
yield excellent performance under a variety of loading conditions. 
 
Although many studies have investigated the behaviours of CFDSTs under different circumstances, surprisingly 
little research has been on CFDSTs filled with ultra-high performance concrete (UHPC) considering its 
increasing popularity in the field of engineering. It is well known that, in comparison of normal strength concrete 
(NSC), UHPC is of higher strength and better ductility, enabling it to absorb a significant amount of energy 
before failure. Due to the presence of steel fibres, crack propagation within UHPC is also effectively delayed 
thus making it less prone to crushing or spalling damage when subjected to excessive loads. This property along 
with its superior strength and ductility together make UHPC an effective means of protecting important 
infrastructures against blast and impact loading as a result of increasing terrorist threats over the past years (Wu 
et al., 2009, Dragos et al., 2012). 
 
This paper numerically investigates the behaviours of CFDSTs filled with UHPC under transverse static loading 
as well as blast loading. The numerical modelling was conducted by using finite element tool LS-DYNA. The 
concrete material models in LS-DYNA, which was primarily developed for normal strength concrete only, was 
modified accordingly to accommodate the behaviours of UHPC. The proposed numerical model was also 
validated using data from a number of recent tests conducted on UHPC members.  
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FINITE ELEMENT MODELLING 
Material Constitutive Models 
 
The numerical model was developed with 8-node solid elements with single point integration algorithm in 
LS-DYNA (Hallquist, 2007). There are several material models in LS-DYNA that can be used to simulate the 
behaviour of concrete structures (Wu et al., 2013, Wu et al., 2012). Among the available constitutive models, the 
K&C concrete model (also known as “MAT CONCRETE DAMAGE REL3”) is most widely used for its ability 
to model the behaviours of concrete members under complex loading conditions, including situations involving 
active/passive confining stress and/or high strain rate effect, with efficiency and accuracy (Crawford et al., 2012, 
Shi et al., 2008). The behaviours of UHPC differ from NSC significantly due to steel fibres and different mixture, 
however all concrete constitutive models in LS-DYNA were developed particularly based on normal strength 
concrete. Therefore, the default K&C concrete model, or any other existing models for this matter, cannot be 
directly applied to model UHPC. 
 
The K&C concrete model is defined by a number of material parameters, users can either manually input the 
values obtained from actual material tests or directly use the default values generated by the program itself. The 
mechanics behind this constitutive model along with each material input have been thoroughly explained by 
(Crawford et al., 2012, Mao et al., 2014), thus are not further discussed herein. In order to extend the existing 
K&C model to accommodate UHPC, the following material inputs were modified according to material tests that 
were conducted by the authors: 𝑤𝑙𝑧 , which governs the strain softening behaviour; ω, which governs the 
volume expansion (i.e. the confinement effect in this matter);  λ and η, which governs the damage function and 
scale factor respectively. The key parameters for UHPC used in this research are listed in Table 1. It is evident 
from Figures 1 that, when validating against the four points bending test, good correlations were achieved 
between the numerical model and experiment result. 
 
Table 1: Key parameters for K&C concrete model 
Model parameter Value 
𝒇𝒄′  170 MPa 
𝒇𝒕 20 MPa 
Poisson’s ratio 0.19 
B1 1.6 
B2 1.35 
𝒘𝒍𝒛 6.35 mm 
Omega 0.9 (circular section) 0.1 (square section) 
 
 
Figure 1: Four points bending test results 
 
It is well known that under high strain rate impact, the strength of NSC increases significantly, by more than 
100% for concrete in compression and by more than 600% for concrete in tension and the dynamic increase 
factor (DIF) for NSC can be calculated by the CEB Code (Béton, 1993, Malvar and Crawford, 1998). However, 
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limited research on the strain rate effect on UHPC was conducted. Ngo et al. (Ngo et al., 2007) developed DIF 
model for UHPC with compressive strength up to 160 MPa, it was reported that the strain rate effect on UHPC 
was significantly smaller than the CEB Code prediction. In the current research, the dynamic properties of 
UHPC were investigated by using Split Hopkinson’s Pressure Bar (SHPB) test and the results are listed in Figure 
2 (Su et al., 2015). It can be seen that, in comparison to NSC, the strain rate of UHPC did not have a significant 
effect until it reached 200/s for tension and 50/s for compression and the maximum DIF was also much smaller. 
 
 
Figure 2: DIF for UHPC 
 
Material model 24, namely MAT PIECEWISE LINEAR PLASTICITY, was used to represent the steel tubes. 
The actual stress-strain relationship obtained from tensile coupon test was inputted (as shown in Figure. 3) and 
the strain rate effect on the steel tube was incorporated by the Cowper and Symonds law which multiplies the 
yield stress by a factor given as: 
𝐷𝐼𝐹 𝑜𝑓 𝑠𝑡𝑒𝑒𝑙 = 1 + (
𝜀̇
𝐶)
1
𝑃
                                                                               
where 𝜀  ̇ = strain rate of steel. 
 
C = 808 𝑠−1 and P = 3.585 were used because good success was achieved by the authors in previous research 
by using this combination (Zhang et al., 2015).  
 
 
Figure 3: Stress-strain relationship for the steel tube 
 
Three Points Bending Test 
 
Three points bending tests were carried out to study the behaviours of UHPC filled CFDST specimens when 
subjected to static lateral load combined with axial load. As shown in Figure 4 that, the vertical hydraulic jack 
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was displacement-controlled and the horizontal hydraulic jack was force-controlled. The specimen was simply 
supported near both ends by rollers and the axial load was applied by the horizontal hydraulic jack to only one 
end of the specimen.  
 
 
Figure 4: Three points bending test setup 
 
Figure 5 depicts the meshing of the numerical models. In both models, the characteristic length of each element 
was approximately 7.5 mm. Mesh convergence study suggested that, by further refining the mesh, only minor 
improvement can be made, however with a great increase in the computation time. 
     
Figure 5: Meshing of numerical models 
 
Table 2 and Figure 6 compare the numerical results to the experimental results of the three points bending test. It 
can be seen that, both circular and square models yielded less than 10% error in peak load and the overall 
behaviours also well agreed with the experimental observations. These results evidently confirmed the 
practicability and fidelity of numerically modelling UHPC filled CFDST specimens under static loads. Therefore, 
in the following section, the behaviours of UHPC filled CFDST specimens under blast loads were also 
numerically investigated in a similar manner.   
 
Table 2: Summary of three points bending tests 
Specimen 
No. 
Outer 
dimensions                
(mm) 
Inner 
dimensions      
(mm) 
Tube 
thickness 
(mm) 
Axial 
Load 
(kN) 
Experimental 
Peak Load (kN) 
LS-DYNA 
Peak Load 
(kN) 
Error 
C1 210 100 5 1000 484 440 -9.1% 
S1 210 100 5 1000 660 700 +6.1% 
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Figure 6: Force-displacement histories of three points bending tests 
 
Blast Test 
The experimental setup has been discussed by the authors in the previous study (Zhang et al., 2015), therefore 
only some important details are reiterated hereby. As shown in Figure 7, the test specimen was simply supported 
at both ends and bolts were used to provide an upward restraint against column rebound, thus making the 
effective span 2300 mm. The axial load was applied through a pneumatic jack at one end of the specimen only. 
Three LVDTs were installed along the specimen with 380 mm space between each other, in this paper, only the 
LVDT reading at the mid span is used for validation purpose.   
 
 
Figure 7: Blast test setup 
 
It can be concluded from Table 3 and Figure 8 that, the proposed numerical model not only accurately predicted 
the maximum mid-span deflection, with or without axil load, the predicted period of oscillation also 
corresponded with the experimental curve very well. Although discrepancy was found in the residual deflection, 
the difference was still within the acceptable range considering the complexity and uncertainty associated with 
blast experiments.  
 
Table 3: Summary of blast tests 
Specimen 
No. 
TNT 
Equivalent 
(Kg) 
Axial 
Load 
(kN) 
Standoff 
Distance 
(mm) 
Mid-span Deflection 
(mm) 
Measured LS-DYNA Error (%) 
S2A 50 0 1500 48 43 -10% 
S2B 50 1000 1500 40 37.1 -5% 
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Figure 8: Displacement-time histories of blast tests 
 
Effect of the axial load ratio 
Figure 9 shows the effect of axial load level on structural responses of CFDST specimens. It can be seen that, 
specimens with a small axial load ratio (e.g. 0.16 & 0.32) can result in a smaller maximum and plastic deflection 
compared to the axial-load-free specimen while a larger axial load ratio (e.g. 0.48) can significantly amplify the 
deflection. The amplification of deflection is caused by the “P-∆” effect: when a column deflects due to blast 
loads, the applied axial load causes a moment at each end which can further increases the deflection and as the 
deflection increases, the column reaches its plastic limit, transitioning from a gradual strength degradation to a 
rapid loss of strength due to buckling. Table 4 lists the results of the effect of axial load ratio.  
 
Table 4: Effect of the axial load ratio 
Axial load 
(kN) 
Axial load 
ratio 
Max. deflection 
(mm) 
Plastic deflection 
(mm) 
0 0 41.2 21.1 
1000 0.16 37.1 14.5 
2000 0.32 38.2 20 
3000 0.48 44.4 33.6 
 
 
Figure 9: Effect of axial load ratio 
 
Effect of the outer & inner tube thickness 
It is suggested by Tables 5 & 6 and Figures 10 & 11 that, a thicker outer or inner steel tube can both reduce the 
deflection with having a thicker outer tube (for the same nominal steel ratio) being slightly more effective. 
Moreover, a thicker outer steel tube also shortens the column’s natural period of oscillation while this is not 
observed on a thicker inner steel tube. 
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Table 5: Effect of the outer tube thickness 
Outer steel tube 
thickness (mm) 
Nominal steel 
ratio 
Max. deflection 
(mm) 
Plastic deflection 
(mm) 
1.67 0.124 63 35.4 
3.33 0.173 45.8 20.7 
5 0.222 37.1 14.7 
 
 
Figure 10: Effect of the outer tube thickness 
 
Table 6: Effect of the inner tube thickness 
Inner steel tube 
thickness (mm) 
Nominal steel 
ratio 
Max. deflection 
(mm) 
Plastic deflection 
(mm) 
1.67 0.173 46.7 24.7 
3.33 0.198 39.6 17.5 
5 0.222 37.1 14.7 
 
 
Figure 11: Effect of the inner tube thickness 
 
 
CONCLUSIONS 
 
This paper presents a means of numerically modelling ultra-high performance concrete filled steel tubes under 
static as well as blast loading. The following conclusions can be made based on the content of this current 
research: 
1. The existing concrete constitutive model, namely K&C concrete model, can be extended to 
accommodate the behaviour of UHPC by modifying some of its key parameters. 
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2. Based on the validation studies presented in this paper, the proposed numerical models correlated 
well with the experimental results. For both static and dynamic loading cases, the errors yielded by 
the numerical models were kept well below 10%. 
3. Compared to non-axially loaded columns, a small axial load can result in a smaller deflection while 
a large axial load level can significantly amplify the column deflection. 
4. A thicker outer or inner steel tube can both reduce the deflection, however this effect is more 
noticeable on with a thicker outer tube rather than a thicker inner tube for the same nominal steel 
ratio. 
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